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A B S T R A C T
Investigation of percutaneous helminth infection is generally based on animal models or excised skin.
As desirable replacement of animal experiments, tissue-engineered skin equivalents have recently been
applied in microbial and viral in vitro infection models. In the present study, the applicability of tissue-
engineered skin equivalents for the investigation of percutaneous helminth invasion was evaluated.
Epidermal and a full-thickness skin equivalents that suit the requirements for helminth invasion studies
were developed. Quantitative invasion assays were performed with the skin-invading larvae of the hel-
minths Strongyloides ratti and Schistosoma mansoni. Both skin equivalents provided a physical barrier to
larval invasion of the nematode S. ratti, while these larvae could invade and permeate a cell-free colla-
gen scaffold and ex vivo epidermis. In contrast, the epidermal and full-thickness skin equivalents exhibited
a human host-speciﬁc susceptibility to larvae of trematode S. mansoni, which could well penetrate. In-
vasion of S. mansoni in cell-free collagen scaffold was lowest for all experimental conditions.
Abbreviations: hDF, human dermal ﬁbroblasts; hEK, human epidermal keratinocytes; RhE, reconstructed human epidermis; RhS, reconstructed human skin; S. mansoni,
Schistosoma mansoni; S. ratti, Strongyloides ratti.
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Thus, reconstructed epidermis and full-thickness skin equivalents conﬁrmed a high degree of accor-
dance to native tissue. Additionally, not only tailless schistosomula but also cercariae could permeate
the skin equivalents, and thus, delayed tail loss hypothesis was supported. The present study indicates
that the limitations in predictive infection test systems for human-pathogenic invading helminths can
be overcome by tissue-engineered in vitro skin equivalents allowing a substitution of the human skin
for analysis of the interaction between parasites and their hosts’ tissues. This novel tissue-engineered
technology accomplishes the endeavor to save animal lives.
© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
A profound understanding of the percutaneous infection process
of helminth larvae is of importance for the prevention and therapy
of helminth diseases (Haas, 2003; McKerrow and Salter, 2002). Cur-
rently, larval invasion studies are based on animalmodels and excised
animal skin (Franke et al., 2011; Stirewalt and Uy, 1969). In con-
trast to human skin samples, model organisms are characterized by
a high availability. Additionally, the excision of animal skin can be
standardized to speciﬁc topographical regions. Thus, compared to
human skin samples from plastic surgeries, variations in thick-
ness and state of the corniﬁed layer are reduced in animal models
(Takeuchi et al., 2011; Whitton and Everall, 1973). However, phys-
iological and anatomical differences between human and animal skin
limit the transferability of results from animal studies to humans
(Evans et al., 2013; Godin and Touitou, 2007).
As an alternative to animal studies, in-vitro-generated organ-
like skin equivalents have been developed (MacNeil, 2007; Persidis,
1999; Rheinwald and Green, 1977). These skin equivalents resem-
ble the cellular and structural properties of native skin (Groeber et al.,
2011). Hence, in-vitro-generated skin evolved to a standard tool for
the characterization of pharmaceuticals, chemicals and cosmetics
(Ponec, 2002). Skin equivalents provide high availability and can be
generated with human cells. Advancing the concept of replace-
ment, reduction and reﬁnement of animal studies (3R’s principle;
Animal Ethics Infolink – Three Rs, 2014; Replacement, Reﬁnement
& Reduction of Animals in Research, 2014; Russell and Burch, 1959),
tissue-engineered skin equivalents have recently been applied as
microbial and viral in vitro infection models. Exemplarily, studies
with Candida albicans, Acinetobacter baumannii and Herpes simplex
have already shown the potential of skin equivalents for infection
biology (Green et al., 2004; Hogk et al., 2013; MacNeil, 2007). There
are only a few reports on the application of human skin equiva-
lents investigating parasite–host interaction. Morgan and Arlian
(2010) used a human skin equivalent to investigate the inﬂuence
of cellular interactions between keratinocytes and ﬁbroblasts when
the cells were exposed to scabies mites, mite products, and mite
extracts. Walochnik et al. (2009) adopted an organotypic skin equiv-
alent for investigating the penetration of Acanthamoeba into the
epidermis and the human tissue tolerability of miltefosine.
For the investigation of percutaneous helminth invasion, at least
two characteristics of skin equivalents are required – the forma-
tion of a physical barrier to larval invasion and the host-speciﬁc
stimulation of helminth invasion activity. Larval activation is de-
termined by chemical factors that are synthesized and excreted by
the skin (Chaisson and Hallem, 2012; Haas et al., 2002). The stim-
ulation of parasites by these factors results in guidance to the host,
target recognition and invasion through the skin barrier (Chaisson
and Hallem, 2012; Dillman et al., 2012; Haas, 2003). The physical
barrier of the skin is mainly generated by the stratum corneum and
the cell–cell-junctions of the epidermis (Proksch et al., 2008). Larval
penetration of the epithelial barrier is based on enzyme-mediated
histolytic degradation aswell asmechanical burrowing activity (Haas,
2003). Thus, in addition to skin-speciﬁc structural properties, an ap-
propriate molecular composition is required to allow enzymatic
degradation of the physical barrier. After penetration of the epi-
dermal layer, the larvae are guided to the vasculature in the dermis
via biochemical cues (Haas, 2003). The research group of Bartlett
et al. (2000), Khammo et al. (2002) andWhitﬁeld et al. (2003a) ﬁrst
applied Franz static one-chamber cell cultures and 3-dimensional
skin equivalent and revealed a helminth infective larva in the dermis
beneath the basement membrane within 10 min of exposure to in-
fective larvae. However, detailed quantitative analysis of helminth
penetration in skin equivalents of different complexity and apply-
ing two differing helminth species to test speciﬁc skin functions have
not been performed yet, and thus, an ideal alternative to animal
testing or excised human skin needs to be identiﬁed.
In the present study we examined the capacity of infective larvae
from two most diverse helminths to penetrate or pass epidermal
and complete skin equivalents as excised human epidermis and skin
for control: Strongyloides (phylum Nemathelminthes) an intestinal
nematode and Schistosoma (phylum Platyhelminthes) a vein-dwelling
ﬂuke.
First, the nematode Strongyloides ratti, genetically closely related
to the human pathogenic Strongyloides stercoralis, penetrates the host
through the skin (Haas, 2003; McKerrow and Salter, 2002; Sakura
and Uga, 2010) the infective larvae secrete an collagenolytic
metalloprotease like hookworms and ﬁlariae (Borchert et al., 2007;
McKerrow et al., 1990) to facilitate the penetration, migrate from
the subcutaneous infection site throughmuscular ﬁbers, via the vas-
cular circulation to the lungs and subsequently reside in the small
intestine (Marra et al., 2011). Strongyloides exhibits fundamental dif-
ferences from all other helminths: a direct, facultatively indirect
development and autoinfection (Lok, 2007; Parasites – Strongyloides,
2012; Soblik et al., 2011). Strongyloidiasis, associated with cutane-
ous, gastrointestinal or pulmonary symptoms, is mainly endemic
in tropical and subtropical regions, but has migrated from devel-
oping regions to industrialized areas (Parasites – Strongyloides, 2012).
Secondly, the infective larvae, cercariae, from the human-
pathogenic trematode ﬂuke Schistosoma mansoni were used in skin
infection experiments. Cercariae emerging from infected interme-
diate snail host swim highly motile to reach the deﬁnitive human
host by thermotaxis and chemotaxis, attracted by arginine, ceramide
and fatty acids (Chaisson and Hallem, 2012; Haas, 2003; Haas et al.,
2002). Invasion into the host skin is facilitated by elastase and
metalloproteases degrading extracellular matrix proteins and
cadherin (McKerrow and Salter, 2002). After entering the skin, the
infective larvae transform into a tailless schistosomula, migrate via
the circulation to its deﬁnitive portal or mesenteric vein habitat
where they mature and produce up to thousands of eggs per day.
Schistosomiasis (Bilharziasis) is the second most devastating para-
sitic disease of humans affecting the liver, spleen, bladder, kidney
and intestine with more than 200 million people infected (Parasites
– Schistosomiasis, 2014).
Especially the host-speciﬁcity of human-pathogenic helminths
results in a lack of predictive infection models. For investigation of
percutaneous larval invasion via in-vitro-generated skin equiva-
lents, the reconstruction of structural and biochemical properties
of human skin is essential. The aim of this study was to evaluate
whether human skin equivalents provide an alternative to excised
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animal skin and in vivo studies in order to gain further insight into
helminth–host interaction.
2. Materials and methods
2.1. Ethical clearance statement
Experiments with human skin biopsies were conducted in com-
pliancewith the rules for investigation on human subjects, as deﬁned
in the Declaration of Helsinki (WMADeclaration of Helsinki – Ethical
Principles for Medical Research Involving Human Subjects, 2014).
Human juvenile foreskin biopsies and adult skin from skin surgery
were obtained with approval of the local ethics committee (vote
IGBZSF-2012-078) from the Olga Hospital (Stuttgart, Germany) and
the Charlottenhaus (Stuttgart, Germany). For scaffold preparation
porcine jejunal segments were obtained from 15 to 25 kg German
Landrace pigs. The animals received human care in compliance with
the Guide for Care and Use of Laboratory Animals published by the
National Institutes of Health (NIH publication No. 85-23, revised
1996) after approval from our institutional animal protection board.
2.2. Preparation of infective larvae of S. ratti
For the isolation of infective 3rd stage S. ratti larvae (iL3) fecal
pellets were collected frommaleWistar rats on days 6–16 after sub-
cutaneous infection with 1800–2500 iL3s (Soblik et al., 2011).
Charcoal coprocultures were established in culture dishes and in-
cubated at 26 °C 5–7 days for the collection of newly ex-vivo-
generated iL3. For the recovery of the iL3, the Baermann method
was used (Lok, 2007). After isolation from the coproculture, the larvae
were extensively washed in Hanks balanced salt solution (Sigma-
Aldrich, Steinheim, Germany) supplementedwith 200U/ml penicillin
and 200 μg/ml streptavidin (Sigma-Aldrich) and counted before
further processing.
2.3. Preparation of infective larvae (cercariae) of S. mansoni
S. mansoni were harvested from Biomphalaria glabrata snails,
which were infected withmiracidiae of the trematode. After 4 weeks
at 27 °C in darkness, the release of cercariae was triggered by ex-
posure to light. The cercariae were washed with charcoal-absorbed
water and counted.
2.4. Isolation and culture of primary skin cells
Primary human epidermal keratinocytes (hEKs) and human
dermal ﬁbroblasts (hDFs) were isolated from human foreskin bi-
opsies according to previously published protocols (Pudlas et al.,
2011). Isolated hEKs were cultured in EpiLife basal medium (Gibco,
Carlsbad, US), supplemented with human keratinocytes growth
supplements (0.2% bovine pituitary extract, 5 μg/ml bovine insulin,
0.18 μg/ml hydrocortisone, 5 μg/ml bovine transferrin, 0.2 ng/ml
human recombinant epidermal growth factor) (all from Invitrogen,
Carlsbad, US). For hDF, DMEMmedium (Biochrom, Berlin, Germany)
containing 10% fetal calf serum (Gibco) was used. All media were
supplemented with 50 U/ml penicillin and 50 μg/ml streptomycin
from Gibco and were exchanged every 2–3 days.
2.5. Generation of reconstructed human epidermis
Basic culture conditions for the generation of reconstructed
human epidermis (RhE) were adopted from the previously pub-
lished work of Poumay et al. (2004). In this protocol, models are
cultured on synthetic porous membranes that are impermeable for
larvae. In the present study, the protocol was modiﬁed and colla-
gen cell carrier membranes (collagen scaffold) as a biological scaffold
were introduced (Viscofan Bioengineering, Weinheim, Germany).
The established process is depicted in Fig. 1a. The membrane of 12-
well inserts was removed to generate frame structures for mounting
the collagen scaffold. On the remaining plastic frames, the scaf-
folds were ﬁxed with silicon rings (16 × 1 mm; Esska, Hamburg,
Germany). On this biological collagen scaffold, primary hEKs were
seeded in a density of 5 × 105 cells per cm2. The culture was per-
formed in EpiLife medium, supplementedwith 1.5mMCaCl2 (Merck,
Darmstadt, Germany). After a submersed culture for 2 days the skin
equivalents were exposed to the air–liquid interface for further 11
days. In the airlift culture period, the EpiLife medium was addi-
tionally supplemented with 250mM ascorbic acid (Sigma-Aldrich).
2.6. Generation of decellularized porcine intestine
A detailed experimental protocol to process decellularized porcine
intestine was described by Mertsching et al. (2009). In brief, porcine
jejunal segments were explanted with corresponding arterial and
venous pedicles. In a chemical decellularization process, intesti-
nal cells were removed by lysis and subsequent washing steps.
Therefore, the vasculature was perfused with sodium desoxycholate
and buffered saline.
2.7. Generation of reconstructed human skin
The decellularized porcine intestine provides a three-dimensional
scaffold for the generation of full-thickness reconstructed human
skin (RhS) according to the procedure depicted in Fig. 1b.
Decellularized porcine intestine was mounted in the same frame
structures as biological collagen scaffolds. The former luminal surface
of the porcine intestine should be oriented apically. Preincubation
of the scaffolds in DMEMmedium, that was supplemented with 10%
fetal calf serum and 50 U/ml penicillin and 50 μg/ml streptavidin
solution, supported themigration of cells into the scaffold. hDFs were
seeded in a densitiy of 1 × 105 cells per cm2. After 24 h, hEKs were
seeded in a density of 5 × 105 cells per cm2. The culture medium
was changed fromDMEM to EpiLifemedium and the constructs were
subsequently cultured according to the conditions of RhE. Prior to
an invasion assay, skin equivalents were cultured between 12 and
14 days under airlift conditions.
2.8. Preparation of human ex vivo epidermis
In order to separate the epidermal layer from the dermal layer,
adult skin biopsies were washed with phosphate-buffered saline
(PBS) containing Mg2+ and Ca2+ and cut into 1.5 × 1.5 cm2 pieces. An
incubation step with 2 U/ml dispase (Gibco) overnight at 37 °C
allowed themechanical separation of the epidermis. The ex vivo epi-
dermis was mounted in 12-well inserts comparable to RhE and RhS.
Instead of the silicon rings, paraﬁlm (Bemis, Oshkosh, US) was used
for ﬁxation.
2.9. Preparation of human skin
Fat tissue and vasculature of adult skin biopsies were cut off. Re-
maining blood was removed by washing with PBS containing Mg2+
and Ca2+. The prepared skin biopsies were cut into pieces of 3 × 3 cm2.
The infection of human full skin was performed in Franz type dif-
fusion chambers (Gauer Glas, Puettlingen, Germany). This chamber
system allows the application of a tissue with a higher thickness,
compared to the skin equivalents (Franke et al., 2011). Human skin
and ex vivo epidermis were prepared one day before the infection
experiments.
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2.10. Infection by helminth larvae
In the donor compartment 265 larvae of S. ratti per cm2 in 1 ml
Epilife medium were applied. To avoid microbial as well as fungal
contamination 50 U/ml penicillin and 50 μg/ml streptavidin solu-
tion as well as 2.5 μg/ml amphotericin B (Invitrogen) were added
to the medium. An infection period of 8 h was provided for larval
invasion at 37 °C. To compare the invasiveness of S. ratti with a
human-pathogenic helminth, invasion studies with S. mansoniwere
performed. Therefore, 75 infective larvae (cercariae) per cm2 in 1ml
charcoal-absorbed water were applied. The infection period was
adapted to 2 h at room temperature. All experiments were carried
out at least in triplicates (n ≥ 3). The larval infection assay is de-
picted in Fig. 1c.
2.11. Quantiﬁcation of the invasion
After incubation, the supernatant in the donor as well as the
medium in the acceptor compartment were aspirated and trans-
ferred to separate 40mm × 10mm petri dishes with a grid structure
(Thermo Scientiﬁc, Ulm, Germany). Subsequently, the surface of the
tissue waswashedwith PBS. The number of larvae in the donor com-
partment (donor), which failed tomigrate as well as the larvae, which
completely migrated throughout the model (acceptor compart-
ment) wasmicroscopically counted. Larval invasiveness was assessed
by expressing the total number of larvae in the donor and the ac-
ceptor compartment as percentage of total number larvae applied
to infect the model. The skin lag as a measure of larvae in the model
was calculated according to a previously described and modiﬁed
protocol (Franke et al., 2011):
Larvae ratio model tissue L L L Linitial donor acceptor i= − −( ) ×100 nitial
Linitial is the total number of larvae that were applied apically on
the equivalents. Ldonor and Lacceptor are the number of larvae, which
were recovered for the donor/acceptor.
2.12. Statistical analysis
Quantitative data are analyzed for statistical differences using
a one-way ANOVA employing the Fisher’s least signiﬁcant differ-
ence test. For all statistical tests a p-value < 0.05 is considered
signiﬁcant.
3. Results
3.1. In-vitro-generated human skin equivalents accomplish the
requirements to perform percutaneous worm infection experiments
To allow larval migration through the reconstructed skin equiva-
lents two protocols for the generation of skin equivalents based on
biological scaffolds were established (Fig. 1). Both scaffolds, the col-
lagen scaffold and the decellularized porcine intestine, allowed the
reconstruction of a stratiﬁed epithelium (Fig. 2). RhE facilitates the
speciﬁc investigation of epidermis–helminth interaction in a less
complex system. The utilization of the decellularized porcine in-
testine allowed the generation of a more complex RhS that was
composed of a dermal and an epidermal layer. The papillar inte-
gration of the epidermis to the dermal layer was resembled by the
fold structure (former crypts) of the decellularized intestinal scaf-
fold. Both in-vitro-generated skin equivalents showed typical
histological characteristics of native skin tissue. The formation of
a corneous layer, which is strengthening the physical barrier of the
skin equivalent, is depicted in hematoxylin–eosin (H&E)-stained cross
sections. However, in contrast to the analyzed native dermis, the
structure of the dermal layer in RhS appeared less dense. When
exposed to S. mansoni, larvae were found inside the skin equiva-
lents (Fig. 2e and f). In summary, the histological analysis showed
the presence of a physical barrier and the capacity of the skin equiva-
lents to allow larvalmigration. Both properties are basic requirements
for larval invasion. The histologically identiﬁed higher integrity of
the native skin tissue in comparison to the RhS was also con-
ﬁrmed by the quantitative invasion assays.
3.2. Quantitative in vitro larval invasion assays demonstrate the
capacity of the developed skin equivalents for the investigation of
percutaneous helminth infection
Based on the skin equivalents, invasion with larvae of S. ratti and
S. mansoni was successfully performed. Infective helminth larvae
were exposed to: (i) collagen scaffolds, (ii) reconstructed human epi-
dermis (RhE: collagen scaffold/epidermis), (iii) human ex vivo
epidermis, (iv) decellularized porcine intestine, (v) reconstructed
human skin (RhS: decellularized porcine intestine/ﬁbroblasts/
keratinocytes), (vi) human skin. Due to helminth-dependent
invasiveness, a speciﬁc invasion time for each species was micro-
scopically identiﬁed (Fig. 1c).
The larvae of S. ratti showed low invasiveness into human native
skin tissue as well as into RhE, and RhS (Fig. 3a). The highest inva-
siveness was observed into the cell-free collagen scaffold. Under
this experimental setting, only a percentage of 18.2 (SD ± 23.0%)
larvae failed to invade the scaffold and remained in the donor com-
partment while >40% passed the scaffold and reached the acceptor
compartment or stayed within the scaffold. The presence of an epi-
dermal layer on the collagen scaffold signiﬁcantly reduced the
invasion of S. ratti larvae to 38.2 ± 26%. Applying ex vivo epider-
mis, the highest number (>50%) of larvae reached the basolateral
acceptor compartment while 38.0 ± 32.3% of the S. ratti larvae stayed
in the donor compartment. Applying full-thickness RhS, the per-
centages of Strongyloides larvae in the donor compartment amounted
to 54.8 ± 27.5% and using human skin 75.6 ± 18.2%. The majority
(65.3 ± 10.5%) of the larvae also stayed in the donor compartment
when decellularized porcine intestine was applied.
In contrast to S. ratti, larvae (cercariae) of S. mansoni showed a
higher invasion capacity, even after two hours. In the presence of
an epidermal tissue (RhE) only 3.7% (SD ± 3.2%) of the larvae were
found in the donor compartment. This remaining proportion of
non-invasive cercariae staying in the apical donor compartment
on the RhE was signiﬁcantly lower than 33.3 ± 25.1% of S. mansoni
larvae in the donor compartment of the cell-free collagen scaffold.
Similar invasion rates into the tissue equivalents were observed
for reconstructed human epidermis (ii), ex vivo epidermis (iii),
decellularized porcine intestine (iv), full-thickness reconstructed
human skin (RhS) (v) and human skin (vi) varying between >70%
and >80% with very low numbers of cercariae in the acceptor
compartment.
3.3. Complexity of skin equivalents determines the stage of larvae of
S. mansoni after penetration
The in vitro larvae penetration assay allowed to investigate the
stage of larvae of S. mansoni found in the acceptor compartment.
By microscopical analysis, the number of schistosomules and cer-
cariae was determined. Varying ratios of schistosomules under
different experimental conditions demonstrate the inﬂuence of the
complexity of the skin equivalent on larvae transformation (Fig. 4).
A signiﬁcant difference was found for ex vivo epidermis and RhS.
Nevertheless, increasing complexity of the tissue equivalent – col-
lagen scaffold/RhE or decellularized intestine/RhS – results in a trend
to a higher ratio of schistosomules.
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4. Discussion
The invasion of the skin represents the initial step of numer-
ous helminths to infect their human host including the intestinal
nematode genus Strongyloides and the vessel-dwelling trematode
Schistosoma. A successful infection depends on the attraction of the
infective larvae, their adhesion followed by penetration into the skin
barrier and inﬁltration of the host’s tissue (Chaisson and Hallem,
2012; Haas, 2003; Haeberlein and Haas, 2008; Koga and Tada, 2000;
McKerrow and Salter, 2002; McKerrow et al., 1990). The infective
larvae are attracted by physical factors e.g. by a thermal gradient
(thermotaxis) and by host-emitted chemicals including the histi-
dine derivative urocanic acid, cGMP, arginine, ceramide, and long-
chain fatty acids (Chaisson and Hallem, 2012; Haeberlein and Haas,
2008; Hawdon and Datu, 2003; Safer et al., 2007; Stoltzfus et al.,
2014). Adhesion on the skin surface is promoted by wrinkles, skin
appendages or sucker and adhesive molecules e.g. mucus-like gly-
coproteins (Haas, 2003; Maruyama et al., 2006; Whittington et al.,
2000).
For penetration the physical barrier that protects the host’s in-
tegrity various secreted or surface-associated proteases have been
identiﬁed in the infective worm larvae like astacin-like
metalloprotease and elastase-type serine protease (Borchert et al.,
2007;McKerrow and Salter, 2002;McKerrow et al., 1990;Williamson
Fig. 1. Development of in vitro test systems for the percutaneous infection process of parasitic helminth larvae. (a) Reconstructed human epidermis (RhE) is generated by
seeding human epidermal keratinocytes (hEK) on collagen scaffolds. After two days of submersed culture conditions, the seeded scaffolds are exposed to the to air–liquid
interface for 14 days. (b) Two-layered reconstructed human skin (RhS) is obtained by repopulating decellularized porcine intestine with human dermal ﬁbroblasts (hDF)
and hEK. The decellularized porcine intestine allows cell migration into the scaffold. An additional incubation period of one day provides time for the hDF to spread through-
out the decellularized porcine intestine. On this reconstructed dermal layer, an epidermal layer is generated according to the process described for the RhE. (c) Quantitative
infection assays are performed to characterize the capacity of RhE and RhS as test systems for percutaneous infections by parasitic worm larvae. Larvae of S. mansoni or
S. ratti are introduced apically on the equivalents at t = 0. A speciﬁc infection time was identiﬁed for each species by microscopic observation.
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et al., 2006). After passing through the epidermis, the helminth larvae
migrate to blood vessels in the dermis and via circulation and the
lung to their deﬁnitive habitat where they establish, mature to start
egg production (Schad et al., 1989; Viney, 2006).
In order to investigate the epidermal invasion of parasitic worm
larvae and their migration into the dermis under controlled and re-
producible conditions, a human epidermis equivalent (RhE) and a
human full thickness skin equivalent (RhS) were developed and
tested for functioning as a physical barrier to larval penetration or
to allow or stimulate the invasion. In order to allow ranking of the
penetration capability, various scaffold conditions were com-
pared: (i) cell-free collagen scaffold, (ii) reconstructed human
Fig. 2. Hematoxylin–eosin (H&E)-stained paraﬃn-embedded cross-sections of reconstructed epidermis (RhE), reconstructed human skin (RhS), excised human epidermis,
and human skin. The organization of (a) the in-vitro-generated epidermis is comparable to the histological structure of (b) the isolated human epidermis. Both skin equiva-
lents show stratiﬁed epithelial layers including a matured stratum corneum (Sc). The prominent cell type in the epithelial layers are human epidermal keratinocytes (hEK).
The RhE is lacking characterisitc invaginations of the stratum papillare (P). Such structures are reproduced by the more complex (c) RhS. These skin models include a dermal
layer, which is populated by human dermal ﬁbroblasts (hDF). The cell density of hDF and the thickness of the corneous layer is comparable to (d) human skin. (e) Two
hours after infection, larvae of S. mansoni (arrow) can be found in the RhS. In the employed H&E staining, basophil acidic structures in the larvae appear in blue. (f) The
larva is located in the proximity of the basal layer of the epidermis as depicted in a higher magniﬁcation. Scale bars indicate (a)–(e) 100 μm and (f) 50 μm. Dotted lines
depict epidermal–dermal junction.
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epidermis (RhE) on collagen cell scaffold and (iii) native human ex
vivo epidermis (without scaffold), (iv) decellularized porcine intes-
tine, (v) reconstructed human skin (RhS), and (vi) human skin tissue.
The outermost barrier of the skin is mainly generated by the stratum
corneum (Proksch et al., 2008). The histology of the two skin equiva-
lents reported here demonstrated a mature stratum corneum (Fig. 2).
After overcoming this barrier, the infective larvae migrate into the
dermal layer. For tissue-engineered skin, synthetic membranes have
been reported as carriers (Groeber et al., 2011) containing pores with
a diameter of usually 0.4 μm (Poumay et al., 2004), impermeable
for larvae. The biological scaffolds applied here, however, were en-
zymatically degradable and thus suitable for larval tissue penetration
(Brown et al., 1999; Hotez et al., 1992; McKerrow et al., 1990;
Williamson et al., 2006). Indeed, Fig. 2c exemplarily depicts a larva
that migrated into the completely reconstructed skin equivalent
(RhS).
In the present study we examined the capacity of the devel-
oped skin equivalents to allow or stimulate the invasion of infective
larvae from the two highly divergent helminth genera Strongy-
loides and Schistosoma – belonging to the phyla Nemathelminthes and
Plathyhelminthes – or if the equivalent expressed a barrier func-
tion. In the majority of the applied experimental skin equivalent
variants the larvae of the nematode Strongyloides stayed in the donor
compartment (>50 to >70%), namely for reconstructed epidermis
(RhE), full-thickness skin (RhS) as well as complete human skin and
the decellularized porcine intestine – indicating their intact barrier
function which could be hurdled only for 20–40% of the infective
larvae. A relatively high number of S. ratti invaded into the colla-
gen scaffold. This could be due to the earlier described temperature
responsiveness of this helminth (Sakura and Uga, 2010) in addi-
tion to themissing epidermal barrier. However, not only the collagen
cell carrier scaffold but also the ex vivo epidermis could be com-
pletely passed by >40 to >50% of the larvae which could be due to
structures of former appendages such as hair. Thus, in the pres-
ence of an intact stratiﬁed epithelium, the invasion of Strongyloides
larvae was very low and the skin equivalents accomplish an intact
barrier function.
Fig. 3. In vitro larval invasion assays. For testing species-speciﬁc capacity of human
skin equivalents to stimulate larval invasion, and to characterize the barrier func-
tion of the tissue equivalents, larvae of S. ratti and S. mansoni were applied. Each
scaffold, skin equivalent, and native tissue were exposed either with larvae from (a)
S. ratti or (b) S. mansoni. The invasivity was measured by counting the larvae in the
apical donor and basolateral acceptor compartments. Quantifying the number of larvae
in both compartments allowed to determine the ratio of larvae inside the tissue. (a)
S. ratti showedmostly weak invasivity. After eight hours still a high percentage (<20%
up to >70%) of larvae can be found apically. The highest physical barrier and lowest
invasivity shows the native human skin (>70%). On the other side, applying ex vivo
epidermis, the highest number (>50%) of passed larvae reached the basolateral ac-
ceptor compartment. The collagen scaffold, in contrast to the RhE equivalents, resulted
in a higher invasivity with signiﬁcantly higher number of larvae invading the tissue
(>80%) and >40% passed the skin equivalent into the acceptor compartment. A sig-
niﬁcant differencewas observed between the two cell-free scaffolds, the decellularized
porcine intestine and the collagen scaffold. (b) Larvae of S. mansoni have a strong
invasion capacity and a high percentage of infective larvae invade into skin equiva-
lents (50% to >80%). Collagen scaffold showed the highest average percentage of larvae
(>30%) in the apical donor compartment while a signiﬁcant lower percentage remains
in the donor compartment when RhE and RhS are infected. In comparison to the
RhS, the native human skin generates a signiﬁcant higher physical barrier. Under
all tested experimental conditions, the majority of the Schistosoma larvae (>50% up
to >80%) invaded into the models and appear to persist in the tissue which is re-
ﬂected by histological analysis (see example Fig. 2f). The data are based on three
independent experiments for S. mansoni and four independent experiments for S. ratti.
Error bars depict standard deviation. Statistical signiﬁcant differences are indi-
cated by an asterisk (p < 0.05).
Fig. 4. Shedding of tail during skin penetration. The stage of S. mansoni larvae found
in the acceptor compartment was microscopically analyzed. No larvae were found
in the acceptor compartment for the human skin, and thus, no data are shown for
this experimental setup. Counting of schistosomules revealed a signiﬁcant differ-
ence between ex vivo epidermis and reconstructed human skin (RhS). Error bars depict
standard deviation. Statistical signiﬁcant differences are indicated by an asterisk
(p < 0.05).
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In contrast, passage through the full-thickness biological scaf-
fold (complete skin equivalent; RhS) was conﬁrmed when
Schistosoma larvae, the cercariae, were recovered in the acceptor
compartments (ca. 10%). A high frequency of invasion was gener-
ally veriﬁed for reconstructed epidermis (RhE), ex vivo epidermis,
full-thickness stratiﬁed skin equivalents, human vital skin as for
decellularized porcine scaffold (about 80% for all these experimen-
tal conditions) – in all cases <20% of the cercariae remained in the
donor compartment. Lowest invasion was observed for cell-free col-
lagen scaffolds, which showed the highest permeability for
Strongyloides. The observed rather high number of S. mansoni larvae
that invaded into the collagen scaffold could be explained by hel-
minth activation by minimal rests of solvents like acidic acid during
the production of the cross-linked collagen type I scaffolds from
native base material. Interestingly, the reconstructed human epi-
dermis (RhE) signiﬁcantly increases Schistosoma inﬁltration, which
in contrast created a high physical barrier to the invasion of Strongy-
loides. Similar tendencies were stated for the reconstructed skin
equivalent (RhS). A reason for the slightly reduced larval invasion
into complete human skin might be the superposition of a physi-
cal barrier and a lack of activation of the larvae in our experiment
differing from the natural condition in the ﬁeld. Further, the thick-
ness of the stratum corneum, which is dependent on excision location,
determines the magnitude of the physical barrier, and helminth
invasiveness.
In accordancewith these in vitro results, in vivo studies had shown
a high success of S. mansoni larvae to rapidly invade the epithelial
barrier (Haas and Haeberlein, 2009). Secretion of mucin improved
the adherence of S. mansoni infective larvae which actively attach
to the skin with a ventral sucker (Haas, 2003; McKerrow et al., 1990;
Theodoropoulos et al., 2001). An oral sucker and a complex mus-
culature support mechanical penetration which is further mediated
by the release of elastase andmetalloprotease (Haas and Haeberlein,
2009; McKerrow and Salter, 2002). The release of chemoattractants
by human skin can facilitate the localization of a ﬁtting host for hel-
minth larvae like amino acids, fatty acids and olfactory cues (Chaisson
and Hallem, 2012; Dillman et al., 2012; Haas, 2003). These species-
speciﬁc chemical cues are attractants for the larvae of human host,
such as S. mansoni.
The profound differences between the infective larvae from the
trematode Schistosoma (phylum Platyhelminthes) and the nema-
tode Strongyloides (phylum Nemathelminthes) can result from genus-
speciﬁc differences in the larval surfaces, their mobility and enzyme
expression. The trematode larvae, cercariae, is covered by a living
tegument with a plasma membrane coated with a glycocalyx and
equipped with spines and sensory papillae involved in the inter-
action with the host’s skin. In contrast, the nematode larvae exhibit
a noncellular inert, resilient exoskeleton, the cuticle, built of cross-
linked collagens and associated glycoproteins and lipids. Furthermore,
the aquatic cercariae exhibit a rapid motility by its propelling tail
(rowing motion) which is lost during the penetration process (Haas,
2003). The enduring (“dauer-type”) larvae, slowly motile infective
nematode larvae, are activated by signals from the host skin. These
basic differences may reﬂect the differing potency to invade in the
epidermis and skin equivalents provided in our experiments. A
further reason for the difference in invasiveness of different hel-
minth species represents assumingly the host-speciﬁc enzymatic
spectra operative to disassemble or lyse the tissue barrier (Haas and
Haeberlein, 2009).
Of importance, in our experiments we had applied human native
skin or skin equivalents, representing tissue from the natural host
for the S. mansoni larvae but not for the larvae of the rat parasite
S. ratti. The host range of S. ratti is in comparison to S. mansoni highly
limited to a few host species (Brant and Loker, 2013; Gemmill et al.,
2000). It is comprehensible that the capability to invade into the
non-host skin preparations is reduced, since the surface structure
and also the chemical attractants may be different. Preliminary ex-
periments with potential activators of larval infectivity like urocanic
acid, dafachronic acid and serum ﬁltrate <10 kDa indicated ﬁrst in-
crease in the invasion capability of the exposed infective larvae
(Hawdon and Schad, 1990; Koga and Tada, 2000; Safer et al., 2007;
Stoltzfus et al., 2014).
Microscopical observation of larvae that fully penetrated the
tissue allows to investigate the stage of S. mansoni larvae (Fig. 4).
Interestingly, we recovered cercariae and schistosomules in the ac-
ceptor compartments. This ﬁnding supports the delayed tail loss
hypothesis (Wang et al., 2012; Whitﬁeld et al., 2003b). However,
statistical signiﬁcant difference was only found between ex vivo epi-
dermis and RhS. Due to the increased number of the schistosomules
found in the acceptor compartment of more complex skin equiva-
lents (RhE and RhS), we hypothesize that the complexity and tissue
density inﬂuences tail shedding.
5. Conclusion
Excised native skin and simple hydrogels were generally used
so far to study the penetration behavior of skin-invading parasitic
helminths (Franke et al., 2011; Haas, 2003; McKerrow and Salter,
2002; Safer et al., 2007). Already 1993, Fusco et al. (1993) studied
the penetration success of S. mansoni into human skin equivalents
derived from ﬁbroblast and keratinocyte layers embedded in a col-
lagen scaffold. However, quantitative comparison of different species
employing skin equivalents of different complexity has not been re-
ported yet. In the present study tissue-engineered epidermis and
full-thickness skin equivalents were successfully infected with hel-
minth larvae of S. ratti and S. mansoni. The rat parasite S. ratti
documents the physical barrier of the tissue-engineered human skin
equivalents which represents non-host tissue. These larvae could
invade only the cell-free collagen scaffold lacking a stratiﬁed barrier.
The high invasiveness of the human pathogen S. mansoni in con-
structs that comprise an epithelial layer is conﬁrming the strong
invasive capability of the latter larvae comparable to natural con-
ditions and supports the biological status and possible stimulatory
effects of the surrogate tissue. Taken together, tissue-engineered skin
equivalents provide an excellent facility to investigate the infec-
tious process of helminths in vitro on a human-host speciﬁc, well-
deﬁned system. The presented in vitro substitutes for human skin
can replace in vivo preparations and future infection experiments
can analyze the expression proﬁles of invading helminth larvae and
the skin cell responses like cytokine production (Morgan et al., 2013)
which may facilitate the development of preventive strategies.
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